Eighteen mongrel dogs (20.7±1.5 kg, mean±SD) of either sex were anesthetized and divided into 3 groups of 6 animals. For the details of animal preparation, see the online-only Data Supplement. Two
I n the industrialized world, sudden cardiac arrest is a leading cause of death. 1 Many sudden cardiac arrests are caused by ventricular fibrillation (VF). 1 In the prehospital environment, the mean time from collapse until defibrillation is several minutes. 2, 3 Knowledge of the mechanisms responsible for the maintenance of long-duration VF (LDVF; duration >1 minute 4 ) is important for the improvement of therapies for out-ofhospital cardiac arrests. However, until recently, most studies have dealt with VF shorter than 1 minute.
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In previous studies, we have demonstrated that during LDVF, an organized activation pattern later named ventricular electric synchrony (VES) 5 was observed in the canine anterior left ventricle (LV). 6 During VES, the endocardium was excited almost simultaneously, with activations then propagating to the epicardium. The VES pattern was observed during LDVF over most of the LV endocardium. 5 Both studies 5, 6 suggested that VES activation began in the Purkinje fiber (PF) system.
In this study, we aimed to answer several questions raised by these previous studies. (1) What other type of activation pattern is present during LDVF except for VES? (2) Are the sites of origin of the VES cycles related to any specific anatomic landmarks? (3) Do K ATP channel openers or calcium channel blockers, which can inhibit early afterdepolarizations or delayed afterdepolarizations, influence the incidence VES? To answer these questions, recordings were made from the LV and the right ventricular (RV) endocardium. New algorithms were developed to detect different types of activation patterns during LDVF. To enhance our understanding of the mechanisms of these patterns, LDVF episodes were compared after administration of the K ATP channel opener pinacidil or the calcium channel blocker flunarizine with those in control animals.
Methods
All studies were performed in accordance with the American Physiology Society's guiding principles in the care and use of animals. The protocol was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham. basket catheters with 38 and 32 mm diameters (Constellation, Boston Scientific Corp, Natick, MA) were positioned in the LV and RV separately. Each catheter contained 8 splines with 8 unipolar electrodes on each spline. See online-only Data Supplement for how the locations of the electrodes in the cavity were determined. The 6 control/pinacidil-treated/flunarizine-treated animals were labeled as C1-C6/P1-P6/F1-F6. In the control group, 500 to 1000 mL of normal saline solution was infused intravenously. In the pinacidil group, pinacidil (loading dose 0.5 mg/kg in saline for 10 minutes, maintenance 0.5 mg/kg per hour) was given intravenously. In the flunarizine group, flunarizine (loading dose 2 mg/kg in saline for 10 minutes, maintenance 4 mg/kg per hour) was given intravenously. Thirty minutes after the intravenous injection, VF was induced by 60-Hz electric stimulation through a bipolar catheter in the RV. The first 7 minutes of VF were recorded with a 256-channel, 4-kHz sampling rate mapping system filtered between 0.5 and 500 Hz.
Data Analysis
The 7 minutes of VF were divided into 210 2-second episodes. For each episode, activation was identified as the 9-point dV/dt 7 of the recordings, reaching a minimum more negative than −0.3 mV/ms. A refractory period ≥50 ms was assumed between successive activations. To quantify the organization level of the LDVF, we defined a synchronicity index (syn-idx) and a regularity index (reg-idx) for each 2-second episode. For algorithm details, see Figure I in the online-only Data Supplement. Syn-idx is an inverse measure of the synchronicity of activation times. When the activations in all channels are simultaneous, syn-idx is 0. With less synchronous activation times, syn-idx becomes larger. Reg-idx is an inverse measure of the regularity of activation times. When the cycle length is constant in each channel, reg-idx is 0. With less regular activation times, reg-idx becomes larger.
All 2-second episodes were divided into 3 patterns according to syn-idx and reg-idx: (1) VES pattern, when syn-idx was ≤0.1, regardless of reg-idx (the pattern of high synchronicity); (2) stable pattern, when syn-idx was >0.1 and reg-idx was ≤0.1 (the pattern of high regularity of nonsynchronous activation); and (3) nonstable pattern, when syn-idx was >0.1 and reg-idx was >0.1 (the fibrillatory pattern of nonsynchronous activation with irregular cycle lengths).
Because of the low spatial resolution of the recordings, we could not construct detailed isochronal maps. We designed algorithms to detect relatively simple endocardial propagation patterns: unidirectional propagation along the splines and re-entrant circuits around the long axis of the LV. There were 2 types of unidirectional propagations along the splines: from the apex to the base (apex-base propagation) and in the reverse direction (base-apex propagation), and 2 types of re-entrant circuits around the LV long axis: from septum to anterior to lateral (sep-ant re-entry) and in the reverse direction (ant-sep reentry). The algorithms are described in detail in Figures III and IV in the online-only Data Supplement.
VES cycles were recognized using the same algorithm as previously described. 6 Similar to previously described, 5 VES cycles were divided into different groups with similar activation sequences inside 1 group (see online-only Data Supplement for details on statistical methods). 
Results
The mean activation rates for all 3 treatment groups were higher during 0 to 3 minutes of VF than during 3 to 7 minutes of VF (see Table I and Figure V in the online-only Data Supplement). Pinacidil had a higher activation rate than control during 3 to 7 minutes of VF, whereas flunarizine did not have an activation rate different from control. VES, stable, and nonstable patterns were observed on the endocardium during LDVF. Figure 1 shows representative examples. During 0 to 1 minute of VF, endocardial activations were nonstable for animals C1, C2, and P3 ( Figure 1A -1C, second column). As VF continued, activations developed into the stable pattern for animals C1 and C2 ( Figure 1A and 1B, third column). The activations continued to stay in stable pattern for animal C2 ( Figure 1B , fourth column), whereas animal C1 suddenly entered into the VES pattern at 4.2 minutes of VF ( Figure 1A , fourth column). In pinacidil-treated animal P3, the activations switched briefly to the stable pattern at ≈1 minute of VF. However, the activations quickly became irregular and redeveloped the nonstable pattern ( Figure 1C , third and fourth columns). In general, VF began in the nonstable pattern after which reg-idx frequently decreased, and VF entered the stable pattern. The stable pattern could then either persist or switch to VES or back to the nonstable pattern. During early VF, with the endocardium in nonstable pattern, body surface ECG was similar to that during type I VF. 8 During later VF, no matter whether the endocardium was in VES, stable, or nonstable pattern, ECG was similar to that during type II VF 8 (see Figure VI in the online-only Data Supplement).
For control, pinacidil, and flunarizine groups, the average LV incidence of the 3 patterns throughout 7-minute VF is shown in Figure 2 . During 0 to 1 minute of VF, endocardial activations were either in the nonstable or stable patterns. The incidence of the nonstable pattern during 0 to 1 minute was 74% in control, 63% in pinacidil, and 41% in flunarizine groups. Between 3 and 7 minutes of VF, VES was present 25% of the time in control and 24% of the time in flunarizine (P=0.44, control versus flunarizine) but only 0.1% of the time in pinacidil (P<0.001, control versus pinacidil) groups. For the same period, the stable pattern was present 71% of the time in control, 56% of the time in pinacidil (P<0.001, control versus pinacidil), and 48% of the time in flunarizine (P<0.001, control versus flunarizine) groups. In control animals, during VES, endocardial activations had a reg-idx >0.1 76% of the time. In flunarizine animals, during VES, endocardial activations had a reg-idx >0.1 82% of the time.
For RV recordings, after 2 minutes of VF, the incidence of the VES pattern was 2.8% in control, 0.1% in pinacidil, and 2.5% in flunarizine groups, much lower than for LV recordings (see online-only Data Supplement). When VES was simultaneously present in the RV and LV, activation in the 2 ventricles seemed independent and asynchronous ( Figure VII in the online-only Data Supplement).
The results of apex-base/base-apex propagation and sepant/ant-sep re-entry are summarized in Tables II and III in the online-only Data Supplement. Generally, apex-base propagations were more frequently observed during the stable pattern, whereas base-apex propagations were more frequently observed during the VES pattern. Sep-ant re-entry was more frequently observed than ant-sep re-entry.
During the stable pattern, 2 typical endocardial propagation sequences were observed, which are illustrated in Figures 3 and 4. Figure 3 shows an example of highly repeatable global re-entry. Re-entrant circuits were observed on most transverse electrode planes perpendicular to the LV long axis ( Figure 3A ; for definition of planes see Figure III in the online-only Data Supplement). Apex-base propagation along most splines ( Figure 3B ; for definition of propagation along splines, see Figure III in the online-only Data Supplement) indicates that the re-entry core was located near the apex. Figure 4 shows an example of highly repeatable breakthrough on endocardium. The breakthrough sites were the same throughout each 1-second recording but varied at different stages of LDVF. At 3.5 minutes of LDVF, breakthrough initiated from spline 3 ( Figure 4A ). At 5.0 and 6.7 minutes, breakthrough initiated from spline 5 ( Figure 4B and 4C) but with different propagation patterns. Apex-base propagation is observed in Figure 4A , 4B, and 4C.
The results of classifying the VES cycles into groups with similar activation patterns inside 1 group are shown in Figure 5 . There were many different activation patterns during the VES pattern, with different origin sites of the VES cycles ( Figure 5A , 5B, 5C, and 5D, first row, first column). In animals C1, C4, and F4, the VES cycles in the largest group were similar as during sinus rhythm, with almost the same origination site, propagation sequence, and propagation speed ( Figure 5A -5C, second row, first and second columns). In animal F2, the VES cycles in the largest group had exactly the same origination site and similar propagation speed but a different activation sequence compared with sinus rhythm ( Figure 5D , second and fourth columns). In animal F4, the VES cycles in the third largest group had a similar origination site and activation sequence as during sinus rhythm but with a much slower propagation speed ( Figure 5C , second row, first and fourth columns). Another frequent site of origination of VES cycles was the base region near the posterior papillary muscle as in the second largest groups for animals C1, C4, and F4 ( Figure 5A-5C , third column). The base near the anterior papillary muscle was a third region where VES cycles frequently originated as in the third largest groups for animals C1 and C4 ( Figure 5A and 5B, fourth column).
Discussion
The major findings of this study were as follows: (1) After 2 minutes of VF, 2 highly organized activation patterns were observed on the canine LV endocardium, the stable pattern (71%), and the VES pattern (25%); (2) with application of the K ATP opener pinacidil, the VES pattern dropped to 0.1% after 2 minutes of LDVF with endocardial activation either in the stable pattern (56%) or in the nonstable pattern (44%); (3) with the calcium channel blocker flunarizine, all 3 activation patterns were observed after 2 minutes of LDVF (VES pattern 24%, stable pattern 48%, and nonstable pattern 28%); (4) during the stable pattern, highly repeatable global re-entry or breakthrough was frequently observed on the endocardium. In both cases, activation frequently propagated from the apex to the base; (5) during the VES pattern, focal activations originated from multiple endocardial sites. Some focal beats had a propagation sequence similar to sinus rhythm. Other focal cycles originated near the papillary muscles; (6) after 2 minutes of VF, the VES pattern was rare in the RV (0.1%-2.8% for 3 groups).
In previous studies, 5,6 periods of organization during LDVF were observed, in which the wavefront first activated the mapped endocardial region almost simultaneously and then propagated toward the epicardium with large temporal gaps between successive wavefronts, 6 which was named the VES pattern. 5 VES beats were probably maintained by a mechanism other than re-entry. 5, 6 During the VES pattern, PF activations preceded and maintained a relatively consistent relationship with the following working myocardium activation similar as during sinus rhythm, 6 which implied that VES activation might initiate inside the PF network and then propagate into working myocardium. This study adds new knowledge about the mechanisms of VES. In all 4 animals with LV VES, VES cycles have the same or similar endocardial initiation sites, endocardial propagation sequences, and endocardial propagation speed as during sinus rhythm ( Figure 5 ). It is likely that during these VES cycles, activation propagated from PF to working myocardium through the same or similar PF network as during sinus rhythm.
Pinacidil is a K ATP channel opener that has the effect of shortening action potential duration (APD) and refractory period, increases VF activation rate, and lowers early afterdepolarization incidence. [9] [10] [11] Flunarizine is a calcium channel blocker that reduces VF activation rate, reduces delayed afterdepolarization incidence, and has also been reported to inhibit early afterdepolarization incidence. 8, 12, 13 During LDVF, VES was almost eliminated by pinacidil (0.1% versus 25%, pinacidil versus control, P<0.001), whereas flunarizine had no effect on VES incidence (24% versus 25%, flunarizine versus control, P=0.44). Previously, we reported that the VF cycle length increases significantly during VES initiation from 159±11 to 235±32 ms (mean±SD of 10 cycles before and after VES initiation). 6 One possible explanation is that the VES pattern is overdriven suppressed when the faster activation rates associated with the nonstable and stable patterns are present. Pinacidil increases VF activation rate 11 and may cause the nonstable and stable patterns to persist longer than control and flunarizine, thus delaying the onset of VES.
In addition to the VES pattern and consistent with triggered activity within the PF system, 6 stable and nonstable patterns were frequently observed, which is more likely maintained by re-entry. Wu et al 8 proposed 2 types of VF. Type I VF is associated with a steep APD restitution and flat conduction velocity (CV) restitution, and type II VF is associated with a flattened APD restitution and broad CV restitution, possibly resulting from low tissue excitability during later VF. 8, 14 With a flat APD restitution and a still flat CV restitution, there will be ventricular tachycardia instead of VF. 8, 14 In this study, we found that in early VF, the nonstable pattern has an ECG similar to that of type I VF 8 ( Figure VI in the online-only Data Supplement). However, during later VF, no matter whether it was VES, stable, or nonstable pattern on endocardium, the ECG always has the appearance of type II VF 8 ( Figure VI in the online-only Data Supplement). Previously, we proposed possible explanations why ECG is VF-like when an organized endocardial activation exists in canine LV during later VF 6 : (1) many wavefronts blocked when propagating intramurally toward the epicardium, and the block sites might vary continuously, which should be more obvious on bigger animals with greater ventricular wall thickness, and (2) other portions of the heart might not have been in an organized pattern when VES or stable pattern was observed on endocardium. We suppose that the nonstable pattern during early VF with low ischemic level is probably type I VF. Nonstable pattern during later VF is more likely a type II VF, an unstable re-entrant pattern caused by flattened APD restitution and broad CV restitution caused by global ischemia. The stable pattern during later VF is in fact similar to the specific ventricular tachycardia pattern with flattened APD restitution and still flat CV restitution. Interestingly, during later VF, there is almost no nonstable pattern (4%) but frequent stable pattern (71%) on endocardium in control animals, which are physiologically normal before the VF starts. A large, stable mother rotor 15 rotating around the LV apex would yield propagation sequences similar to those during the stable pattern. During the stable pattern, breakthroughs on the endocardium were frequently observed (Figure 4 ), which may have been generated by a re-entrant circuit located intramurally rather than by a focal source because regular cycle lengths and highly repeatable pathways were observed. During the stable pattern, apex-base propagation was also frequently observed, whereas base-apex propagation was rare ( Table II in the online-only Data Supplement), indicating the existence of a driving source closer to the apex than to the base of the LV.
The nonstable pattern during later LDVF was rarely observed in control (4%) but was frequently observed in pinacidil (44%) or flunarizine (28%) group. Pinacidil has no significant influence on tissue excitability. 10, 16 However, increased APD restitution slope was observed with pinacidil, 17 which can transform stable ventricular tachycardia into nonstable VF. Increased incidence of VF was observed with pinacidil, 10, 18 sometimes with pre-existing ischemia. 10 In the pinacidil group, the increase in nonstable pattern incidence during later VF is likely caused by the increased APD restitution slope because of pinacidil application. Generally, blocking calcium channels flattens APD restitution curve 8, 19, 20 and prevents spiral wave breakup, 8, 19, 20 which is contradictory to what we observed in the flunarizine group. However, flunarizine also blocks sodium channels 21 and slows down conduction time, 22 which we suspect broadens CV restitution during ischemia and increases the incidence of nonstable pattern.
The limitations of this study were as follows: (1) Transmural and epicardial activations during the stable and nonstable patterns, especially near the apex region, which might be the location of a mother rotor, were not recorded; (2) the resolution of the 64-electrode basket catheter with interelectrode spacing of 4 mm does not allow quantitative wavefront analysis and limits the recognition of small re-entry circuits; (3) the study was conducted on normal heart. The mechanism of VF induction and the condition of the heart may play a significant role in the incidence of the described activation patterns. Re-evaluation of the results under conditions such as infarct, reperfusion, or heart failure may lead to further understanding of the clinical implications of these activation patterns. (4) The technical difficulty in obtaining good quality signals from the RV made it impossible to calculate the exact incidences of 3 patterns on RV endocardium or to quantitatively analyze the propagation directions and re-entry pathways.
